Lipopolysaccharide (LPS)-smooth strains of Pseudomonas aeruginosa are significant pathogens for immunocompromised (11) and critically ill (52) patients and are the initial colonizing strains in children with cystic fibrosis (3) . In the setting of nosocomial pneumonia, P. aeruginosa has a strikingly high attributable mortality (51) . The prevalence and importance of P. aeruginosa in human infections, coupled with the increasingly frequent presence of antibiotic resistance in clinical isolates (10, 16) , have generated a pressing need for an effective vaccine.
For many years, it has been clear that high-level immunity to P. aeruginosa infections can be mediated by antibodies to the LPS O antigen (also known as O side chain) (13) . However, protective epitopes have proven to be poorly immunogenic, while nonprotective or minimally protective O-antigen epitopes often elicit the best immune responses. P. aeruginosa is currently classified into 20 serogroups based on LPS O-antigen determinants, with most serogroups possessing subtype strains having subtle variations in the O antigen. Thus, there are over 30 subtypes based on LPS O-antigen chemical structure (27) . Although O-antigen-based vaccines can elicit antibodies that are protective in animal models, this protection is generally seen only when the strains used to isolate the vaccine antigen are also used in the challenge studies (4, 5, 47, 48) . Broadbased protection against other strains, even subtypes within the same serogroup, is not reliably generated (18, 19) . With these observations in mind, an O-antigen-based vaccine would need to be more than 20-valent (probably more than 30-valent, due to additional subtypes). However, previous efforts to make even a divalent vaccine have been unsuccessful. When related O antigens (in the form of purified high-molecular-weight Opolysaccharide) from subtype strains within serogroup O2/O5 were combined, the immune response to each individual component was diminished (19) . Furthermore, Cryz and colleagues have shown that an octavalent O-antigen-toxin A conjugate vaccine engendered opsonic antibody responses only against strains used to manufacture the vaccine and did not protect humans at risk for nosocomial P. aeruginosa infections after passive transfer of immunoglobulin G (IgG) isolated from vaccinated individuals (5, 6, 8) .
The inability to harness the protective efficacy of LPS Oantigen-elicited antibodies into an effective, broadly protective vaccine suggests an important role for cellular immunity in the control of P. aeruginosa infections, as does recent evidence (14, 21, 46) that P. aeruginosa readily enters lung and corneal epithelial cells during infection. This cellular invasion is mediated by interactions with the cystic fibrosis transmembrane conductance regulator (44, 45, 60) and appears to result in apoptosis of infected cells (12, 20) . We hypothesized that live, attenuated P. aeruginosa vaccine strains could exploit this intracellular phase in the pathogenesis of P. aeruginosa infections and elicit a broadly protective immune response.
We used a gene replacement system based on the Flp recombinase to construct an unmarked aroA deletion mutant of the P. aeruginosa serogroup O2/O5 strain PAO1. This live, attenuated strain was used to immunize mice and rabbits via the intranasal (i.n.) route, and the antisera were assessed by enzyme-linked immunosorbent assay (ELISA) and for opsonic killing activity. We have chosen to focus on i.n. immunization because it has been shown to be highly effective with a wide variety of pathogens in stimulating both local and systemic immunity (17, 59) as well as immunity at distant mucosal sites (26) . The results show that intranasal immunization of mice and rabbits with this live, attenuated P. aeruginosa vaccine elicits opsonic antibodies against multiple strains of the P. aeruginosa serogroup O2/O5 and, in rabbits, against several serogroup-heterologous strains as well, indicating the significant potential of using such live, attenuated strains for vaccination against LPS-smooth strains of P. aeruginosa.
MATERIALS AND METHODS
Bacterial strains. The bacterial strains and plasmids used in these experiments, along with their phenotypes and sources, are listed in Table 1 .
Construction of aroA deletion mutants. The aroA gene of P. aeruginosa PAO1 was recognized to be present from the Pseudomonas Genome Project (http: //www.pseudomonas.com). As depicted in Fig. 1 , primers aroA-F2 (5Ј-GCACG ACATCTTTCTCGCC-3Ј) and aroA-R2 (5Ј-CCTTCGAGAATGATGCGC-3Ј) were used to amplify DNA from PAO1 by PCR. The resultant 1.7-kb PCR product was ligated into plasmid pUCP18, which was then used to construct an integration-excision vector based on the gene replacement system of Hoang et al. and Schweizer (23, 55) , which initially results in a P. aeruginosa strain having a deletion for the aroA gene with an inserted gentamicin resistance marker (aacC1, the gentamicin acetyltransferase 3-1 gene) flanked by the Flp recombinase target (FRT) sequences. Briefly, the plasmid pMB11 was generated by insertional inactivation of the aroA gene with the FRT-aacC1-FRT cassette followed by ligation into the gene replacement vector pEX100T (55) (a gift of H. P. Schweizer). The pEX100T vector carries a sacB sucrose sensitivity gene, confers carbenicillin resistance, and requires a recombination event to be replicated. Plasmid pMB11 was transferred to P. aeruginosa PAO1 from Escherichia coli S17-1 (57) by biparental mating. Recipient cells were plated on cetrimide agar containing aromatic amino acids (50 g/ml) with gentamicin (250 g/ml) to select for the acquisition of gentamicin resistance encoded by aacC1. Colonies appearing on this medium were then replated on the same medium containing carbenicillin (300 g/ml) to confirm that the entire plasmid was inserted into the chromosome. Surviving colonies were then plated on L agar containing aromatic amino acids, gentamicin, and 5% sucrose, which induces loss of the pEX100T-encoded sacB gene. Colonies that grew on this medium were tested for carbenicillin sensitivity to ensure loss of the plasmid and were assessed for auxotrophy for aromatic amino acids by using MSM (a minimal salts medium containing 0.5% glucose [42] ) and MSM supplemented with aromatic amino acids. The resultant strain, PAO1⌬aroA-Gm, was confirmed by PCR with primers aroA-F3 (5Ј-CCTGATTTATCTGGCCCAGC-3Ј) and aroA-R3 (5Ј-GCGCTCAACTTG TGCCCGG-3Ј).
To remove the gentamicin resistance marker and delete the aroA gene, plasmid pFLP2, which contains the Flp recombinase, was transferred from E. coli SM10 to PAO1⌬aroA-Gm. Colonies were grown on MSM containing aromatic amino acids and carbenicillin (500 g/ml) to select for pFLP2 (23) in P. aeruginosa. Resultant colonies were screened for gentamicin sensitivity (to confirm the deletion of the gentamicin resistance cassette); the gentamicin-sensitive colonies were then plated onto MSM containing aromatic amino acids and 5% sucrose to select for loss of the pFLP2 plasmid. Loss of the plasmid and deletion of aroA were confirmed by PCR and sequencing and by failure to grow on MSM in the absence of aromatic amino acids. The resultant unmarked deletion mutant of PAO1 is referred to as PAO1⌬aroA. Auxotrophism due to deletion of aroA was confirmed by transferring in either a control plasmid (pUCP18) or a plasmid (pMB1) containing the intact aroA gene by electroporation.
Preparation of bacterial inocula. Frozen bacterial stocks were plated and grown overnight on tryptic soy agar at 37°C. For immunization, bacteria were suspended in either normal saline or phosphate-buffered saline (PBS). Concentrations were adjusted spectrophotometrically and confirmed by viable counts after serial dilution and plating on tryptic soy agar. For i.n. immunization studies using heat-killed bacteria, the inoculum was prepared in PBS as described above, heated at 60°C for 1 h, cooled, resuspended by vortexing, and then used for i.n. application without washing.
Immunization of mice and rabbits. Six-to 8-week-old female C3H/HeN or BALB/c mice (Harlan Sprague-Dawley Farms, Chicago, Ill.) were housed under virus-free conditions. Before immunization, mice were first anesthetized with 0.2 ml of a mixture of ketamine (6.7 mg/ml) and xylazine (1.3 mg/ml) in 0.9% saline injected intraperitoneally (i.p.). Immunization consisted of placing 10 l of the bacterial inoculum on each nare (total, 20 l per mouse). Escalating doses of 1 ϫ 10 8 , 5 ϫ 10 8 , and 10 9 CFU were administered at weekly intervals. New Zealand White rabbits (Millbrook Breeding Labs, Amherst, Mass.) were immunized on a similar schedule, followed by repeated intranasal boosting with doses of 10 9 CFU every 2 to 4 weeks, all using inocula of 100 l (50 l per nare). Rabbits were anesthetized with 2 ml of a mixture of atropine (0.4 mg), ketamine (80 mg), and xylazine (10 mg) injected subcutaneously prior to each immunization. Mice and rabbits were immunized with E. coli HB101 as a control, using identical schedules and doses. All animal experiments complied with institutional and federal guidelines regarding the use of animals in research.
Determination of internalized bacteria in infected lungs. Using methods previously described (1), adult BALB/c mice were sacrificed at various times after i.n. inoculation. After removal of the lungs in a sterile fashion, single-cell suspensions were obtained by passage through wire screens. Total bacterial numbers were determined by lysis of cells in Triton X-100 followed by serial dilution and plating. The numbers of internalized bacteria were determined by incubation of the lung suspensions in gentamicin at 37°C for 1 h followed by washing, lysing with Triton X-100, diluting, and plating.
Histological analysis of lungs after i.n. application. Adult C3H/HeN mice were sacrificed at 0.5, 1.5, 3, 6, 24, and 48 h after i.n. inoculation with either PAO1 or PAO1⌬aroA. The lungs were immediately instilled with 1 ml of PBS containing 1% paraformaldehyde by means of a catheter placed directly into the trachea after exposure with a midline neck incision. The lungs were removed, fixed in PBS with 1% paraformaldehyde for 1 h at room temperature, and then placed in 70% ethanol in water at 4°C overnight prior to paraffin embedding. Sections were stained with hematoxylin and eosin.
ELISA and opsonophagocytic assays. ELISAs were performed by standard methods as described previously (18 were heated at 95°C for 45 min in PBS, followed by centrifugation for 30 min at 15,000 ϫ g in a microcentrifuge. The pellet was resuspended in 0.01 M sodium phosphate buffer (pH 7.0) and used to coat microtiter plates for ELISA. Opsonophagocytic assays also used published methods (43) , with the only differences being that infant rabbit serum (Accurate Chemical, Westbury, N.Y.) was used as the complement source and was not adsorbed with any organisms. In addition, bacteria were grown in tryptic soy broth containing 1% glycerol as a supplemental carbon source. Negative controls were antisera from mice or rabbits immunized i.n. with E. coli HB101. Tubes with PAO1⌬aroA antisera but without polymorphonuclear leukocytes (PMNs) served as additional negative controls to help distinguish killing from agglutination. The positive control antisera were 1:4 dilutions of sera from rabbits immunized intravenously with heat-killed whole bacteria of the homologous serogroup (rabbit antiserum to the heat-killed Fisher IT-7 strain was the positive control for serogroup O2/O5 strains). Antisera were adsorbed by incubating antisera with lyophilized bacteria (5 mg/ml) for 1 h at 4°C, removing the bacteria by centrifugation at 15,000 ϫ g, and then filtering the supernatant through a 0.2-m-pore-size filter. Antisera were each adsorbed twice by the above procedure. For all assays, mouse sera were collected and pooled (four to five C3H/HeN mice per immunization group) 3 weeks after the third immunization. Rabbit sera were collected 1 week after the seventh immunization.
Statistical analyses. ELISA titers were calculated by linear regression analysis of duplicate or triplicate measurements of adjusted optical density values (with optical density of normal mouse or rabbit sera subtracted) versus the log 10 of the serum dilutions. The x-intercept defined the endpoint titer. Calculation of 95% confidence intervals for titers was done using the formula
where T is the titer (log 10 ); V T is the variance of the titer; V B is the variance of the slope, B, of the regression analysis; C AB is the covariance of the estimated intercept and slope; and V A is the variance of the intercept coefficient, A. V A , V B , and C AB were obtained from the variance-covariance matrix of parameter estimates using SPSS statistical software (SPSS, Chicago, Ill.). The 95% confidence intervals were then calculated as T Ϯ 1.96(V T ) 1/2 . The significance of the percentage of organisms killed in the opsonophagocytic assay was determined by analysis of variance (ANOVA) with Fisher's protected least significant difference (PLSD) using Statview (SAS Institute, Cary, N.C.) with comparison to the E. coli HB101 control antisera. Under routine conditions, killing of Ͼ50% is considered biologically significant and therefore serves to classify a serum as positive for opsonic killing activity. Thus, although killing of Ͻ50% is sometimes statistically significant, this level of killing is not considered biologically significant.
RESULTS
Construction of the aroA deletion mutant. Using the gene replacement system of Hoang et al. and Schweizer (23, 55) , we constructed an unmarked aroA deletion mutant of the P. aeruginosa serogroup O2/O5 strain PAO1 (Fig. 1) . The aroA anesthetized mice reliably produces rapid translocation to the lungs and is an excellent model for pneumonia and systemic spread (1) . When doses of the attenuated strain PAO1⌬aroA up to 5 ϫ 10 9 CFU were administered i.n. (or up to 1 ϫ 10 9 CFU i.p.) to adult BALB/c or C3H/HeN mice, there were no toxic effects. In comparison, the 50% lethal dose for PAO1 given i.n. is 3 ϫ 10 7 CFU (1). Up to 10 9 CFU of PAO1⌬aroA given i.n. to anesthetized adult rabbits also had no apparent toxicities. As shown in Fig. 2A , when PAO1⌬aroA was inoculated i.n. at 2 ϫ 10 9 CFU per mouse, about 10 7 CFU per gram of lung was recovered immediately postinfection (in contrast to the 67% of parental PAO1 cells that rapidly translocated to the lungs after i.n. infection [1] ). The loss in viability of more than 99.9% of the inoculum is presumably due to the rapid death of the aroA deletion mutant in the absence of aromatic amino acids. Approximately 2 ϫ 10 7 CFU of PAO1⌬aroA per gram of lung tissue was also recovered 4 h after infection, after which the number of recoverable CFU/gram of lung tissue dropped progressively over time. By day 4 and after, all lungs were sterile. Interestingly, as depicted in Fig. 2B , the percentage of the surviving inoculum internalized by mouse lung cells, as determined by gentamicin exclusion assays, was essentially 100% by 18 h after inoculation, probably due to the failure of the aroA deletion mutant to survive extracellularly in the absence of aromatic amino acids. No dissemination of PAO1⌬aroA to blood, liver, or spleen was detected (data not shown). Histological analysis of lungs from mice after i.n. inoculation with PAO1 or PAO1⌬aroA (Fig. 3) showed similar degrees of mild inflammation at early time points (0.5 to 6 h, with representative sections at 6 h shown). However, by 48 h after inoculation, the lungs of mice given PAO1 had evidence of severe pneumonia with extensive PMN infiltration, alveolar hemorrhage, and filling of alveoli with proteinaceous debris and bacteria. On the other hand, at 48 h, the lungs of mice given PAO1⌬aroA had only mild to moderate inflammation, with overall preservation of alveolar and airway architecture.
Antibody responses after i.n. immunization. All immunizations were done without adjuvants. When adult C3H/HeN mice were immunized i.n., high titers of serum IgG to whole bacterial cells were measured for serum collected 3 weeks after the last vaccination (Fig. 4) . Titers to the parental strain PAO1 were highest (Ͼ20,000) and were cross-reactive with most serogroup-homologous strains (Ͼ10,000 for five of the seven prototypic serogroup O2/O5 strains; Fig. 4A ) and several serogroup-heterologous strains (Fig. 4B) . Repeated i.n. immunization of rabbits with PAO1⌬aroA was also well tolerated and, after seven doses, elicited high titers of IgG (Ͼ20,000) to whole bacterial cells of all seven of the prototypic serogroup O2/O5 strains and to several serogroup-heterologous strains (Fig. 5) . The antisera also possessed high IgG titers against heat-stable bacterial antigens (Fig. 4 and 5) , which are predominantly composed of LPS epitopes (titers were Ͼ5,000 for heat-stable antigens of all seven prototypic serogroup O2/O5 strains for the mouse antisera and Ͼ10,000 for six of the seven strains using the rabbit antisera).
The antisera mediated phagocytic killing of Ն50% of cells of the parental strain PAO1 at serum dilutions as high as 1:2,048 for the mouse antiserum and 1:1,024 for the rabbit antiserum (Fig. 6) . Remarkably, when compared with antiserum from a rabbit immunized intravenously with heat-killed (60°C for 1 h) Fisher IT-7, the antisera from these i.n.-immunized animals had only two-to fourfold-lower activity in the opsonophagocytic assays. Using serum dilutions of 1:8, five of the seven prototypic serogroup O2/O5 strains were killed (Ͼ50% killing) by the mouse antisera (Fig. 7A ) and all seven were killed by the rabbit antisera (Fig. 8A) . The rabbit antisera also mediated phagocytic killing (Ͼ50%) of several serogroup-heterologous strains (Fig. 8B) , but the mouse antisera had no killing activity Ͼ50% against serogroup-heterologous strains (Fig. 7B) . Curiously, the E. coli HB101 mouse antiserum killed two P. aeruginosa O11 strains, 6073 and 6206, while the rabbit antiserum to E. coli HB101 showed minimal killing of these P. aeruginosa strains. This cross-reactive opsonic killing was likely due to a shared epitope, which was not further characterized.
The level of opsonophagocytic killing activity elicited after i.n. immunization of mice with the live, attenuated strain PAO1⌬aroA was compared with that generated after i.n. immunization with heat-killed PAO1 (Fig. 9 ). For 5 of the 7 prototypic P. aeruginosa serogroup O2/O5 strains, opsonic killing activity engendered by i.n. immunization with PAO1⌬aroA was significantly higher than that with heat-killed PAO1. Killing of the homologous strain PAO1 was similar for the two vaccines, while killing of Fisher IT-7 was better after the heatkilled vaccine. Similarities between PAO1 and Fisher IT-7 are expected, since PAO1 is classified as an IT-7 strain when se- rogrouping is performed with antisera to the prototypic Fisher IT strains.
A substantial proportion of the IgG elicited by i.n. immunization with PAO1⌬aroA was directed against the LPS of P. aeruginosa, as indicated by comparing IgG titers to whole cells of the parental strain PAO1, AK44 (an O-antigen-deficient, complete-LPS-core mutant of PAO1), and AK1012 (an Oantigen-deficient, incomplete-LPS-core mutant of PAO1) (Fig.  10A ). The differences in titers against AK44 between the mouse and rabbit antisera suggest that the mouse antiserum possesses relatively low amounts of antibody directed against the LPS outer core, while the rabbit antiserum has a high proportion of outer-core-directed antibody. Adsorption of the rabbit antisera with the isogenic O-antigen-deficient P. aeruginosa strain AK44 or with the O-antigen-deficient serogroup O3 strain PAC557 did not affect the level of phagocytic killing of PAO1, while adsorption with PAO1 reduced killing to Ͻ15%, thereby confirming the importance of antibody to the O antigen in phagocytic killing (Fig. 10B) .
DISCUSSION
For over 30 years, it has been clear that high-level immunity to P. aeruginosa infections can be mediated by antibodies to the LPS O antigen (13) . However, just as carbohydrate-based vaccines for other bacterial pathogens have been problematic, it appears that protective epitopes are poorly immunogenic while nonprotective or minimally cross-protective O-antigen epitopes provoke the best immune responses in preclinical evaluations of vaccines for mice and rabbits (19) . Thus, the poor immunogenicity of the key antigenic determinants of P. aeruginosa LPS O antigens may lie at the core of the lack of effective LPS-specific vaccines. In addition, with recent evidence from multiple investigators that P. aeruginosa readily enters lung and corneal epithelial cells during infection (14, 21, 46) , a potential role for cell-mediated immunity is clear, indicating that in spite of the strong role played by antibodies to LPS in protective immunity, they may not be sufficient to control infections. Indeed, T-cell-based immune protection against P. aeruginosa infections has been demonstrated by several groups over the past 15 years (9, 29, 35-39).
Other P. aeruginosa vaccine strategies have focused on flagellar antigens (24), on outer membrane proteins F (34, 41) and I (34) , and more recently, on the PcrV antigen component of the type III secretion system (54) . While protection against heterologous serogroups has sometimes been seen, the protection afforded by these non-LPS-based vaccines has, as a rule, been of only modest potency. A particularly striking illustration of the remarkable protective efficacy of LPS-based vaccines is a study in which an outer membrane protein F vaccine protected 30 to 95% of burned mice against challenge doses up to 2 ϫ 10 6 CFU of six different serogroups while an LPS-based vaccine protected against a challenge dose of 3 ϫ 10 11 CFU of the homologous strain (40) . Mutations in the aroA gene, which encodes an enzyme essential for the synthesis of aromatic amino acids (5-enolpyruvylshikimate 3-phosphate synthase of the shikimate pathway), have been utilized with several other pathogens, including Salmonella species (58) and Aeromonas hydrophila (22) , for the production of live, attenuated vaccine strains. In fact, in the Salmonella enterica serovar Typhimurium system, aroA deletion mutants have been used as delivery vehicles to vaccinate mice against plasmid-encoded foreign proteins, with subsequent generation of broad cellular immunity (33, 49) . Although single aroA deletion mutants in Salmonella enterica serovar Typhi retain sufficient virulence to make them unacceptable as human vaccines, the intrinsically lower virulence of P. aeruginosa was predicted to allow single aroA deletion mutants to be sufficiently attenuated to permit study in animal models.
In the present study, we have constructed an unmarked aroA deletion mutant of the common laboratory strain of P. aeruginosa, PAO1, and confirmed that it is auxotrophic for aromatic amino acids. The strain is highly attenuated in mice in that doses up to 5 ϫ 10 9 CFU can be given i.n. or i.p. without any apparent adverse effects. We have previously shown that nasal application of a bacterial inoculum in anesthetized adult mice results in rapid translocation of two-thirds or more of the inoculum into the lungs (1). When virulent strains of P. aeruginosa are administered, the mice die of pneumonia and systemic spread within 72 h. In this murine lung infection model, the aroA deletion mutant was translocated to the lungs less well (only about 0.1% of the inoculum could be recovered from the lungs immediately after application) and was cleared from the lung by 4 days after inoculation. Notably, there was no dissemination to the blood, liver, or spleen; and there was only low-level inflammation in lungs as determined by histological evaluation at 48 h. The amount of internalized bacteria as a percentage of total bacteria recovered from the lungs was essentially 100% by 18 h after inoculation with the aroA deletion mutant strain. By comparison, the percentage of internalized bacteria in this model after challenge with the parental strain PAO1 is approximately 10% at most time points (1) . This propensity of the aroA deletion mutant for intracellular localization is likely due to its inability to survive in an extracellular environment lacking aromatic amino acids. The limited but significant survival of the attenuated strain is also important for the prospect of using engineered versions of the aroA deletion mutant to overexpress protein antigens that might bolster the immune response.
We have found that i.n. immunization of mice and rabbits with the aroA deletion mutant of PAO1 elicits high titers of IgG against whole cells and boiled cells of multiple subtypeand even serogroup-heterologous strains of P. aeruginosa. These high titers were achieved without the use of adjuvants. While IgG titers determined by ELISA are useful in screening sera for possible protective serologic responses, the levels of opsonic antibodies against P. aeruginosa are the best predictors of protective efficacy in animal models. Along these lines, it is remarkable that i.n. immunization with a single aroA deletion mutant strain engenders opsonic antibodies against the parental strain as well as multiple strains within serogroup O2/O5. This is in stark contrast to our previous findings that i.p. immunization of mice with the purified high-molecular-weight O-polysaccharide from PAO1 elicited low-level opsonic titers against only two of the prototypic serogroup O2/O5 strains and did not elicit a good opsonic antibody response even to the parental strain (19) . Furthermore, in challenge experiments using the mouse model of pneumonia and systemic spread after i.n. inoculation (1), mice immunized i.n. with PAO1⌬aroA were 100% protected from death while 100% of mice immunized i.n. with E. coli HB101 died within 4 days of challenge with a cytotoxic variant of PAO1 (PAO1 transfected with a plasmid expressing the cytotoxin ExoU and its chaperone [1] ) at a dose 100-fold higher than the 50% lethal dose (J. Goldberg, M. Brinig, M. Grout, K. Hatano, F. Coleman, G. Priebe, and G. Pier, Abstr. 100th Gen. Meet. Am. Soc. Microbiol., abstr. D-155, 2000).
We also compared the i.n. immunization of mice with heatkilled PAO1 to that with PAO1⌬aroA and found that the live attenuated strain PAO1⌬aroA generated significantly higher levels of opsonic antibody against five of the seven prototypic P. aeruginosa serogroup O2/O5 strains (Fig. 9) . This may be due to the ability of the live attenuated strain to serve as a better immunogen than heat-killed bacteria by means of simple multiplication as well as by exploitation of the natural pathways of infection, especially the intracellular phase. Presumably, modifications of bacterial antigens that occur during in vivo infection would also occur in the live attenuated strain and could thereby engender a broader immune response. Our findings that the opsonic activity was not removed by adsorption with the O-antigen-deficient strains AK44 and PAC557 (Fig. 10) indicate, as expected, that the active antibodies after i.n. immunization with PAO1⌬aroA are directed against Oantigen epitopes of LPS. Thus, i.n. immunization of mice and rabbits with the single strain PAO1⌬aroA elicits opsonic antibodies against multiple members of the P. aeruginosa serogroup O2/O5, indicating the significant potential of using live, attenuated strains for vaccination against LPS-smooth strains of P. aeruginosa.
